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PolyacrylateAqueous suspensions of sepiolite clay rods in water tend to form gels on increase of concentration. Here it
is shown how addition of a small amount (0.1% of the clay mass) of a common stabiliser for clay suspen-
sions, sodium polyacrylate, can allow the observation of an isotropic–nematic liquid crystal phase tran-
sition. This transition was found to move to higher clay concentrations upon adding NaCl, with samples
containing 103 M salt or above only displaying a gel phase. Even samples that initially formed liquid
crystals had a tendency to form gels after several weeks, possibly due to Mg2+ ions leaching from the clay
mineral.
 2014 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/3.0/).1. Introduction
Suspensions of non-spherical colloidal particles can form liquid
crystalline phases. These have been investigated ever since Zocher
and Langmuir reported liquid crystalline phases in dispersions of
vanadium pentoxide ribbons [1] and hectorite clay platelets [2].
However Langmuir’s work has so far proven impossible to repro-
duce [3–5]. Onsager matched theory to work done on the rod
shaped tobacco mosaic virus (TMV) and suggested that the level
of anisotropy in the particles is the reason for the phase separation,
with the loss of orientational entropy in the nematic phase com-
pensated for by the increase in translational entropy [6]. A detailed
review of liquid crystalline phases in suspensions of colloidal rods
appeared some time ago [7] and Gabriel and Davidson discussed
mineral liquid crystals [8].
Most clay minerals consist of plate-like particles, however there
are a few examples of rod-like clay particles. A liquid crystalline
phase in aqueous suspensions of imogolite was reported by
Kajiwara et al. [9] and reproduced by others on natural [10] and
synthetic imogolite [11]. There have also been claims of a liquid
crystalline phase in suspensions of halloysite, although no clear
separation between isotropic (disordered) and nematic (liquid
crystalline) phase was visible [12]. A characteristic common to
both these rod-like clay minerals (imogolite and halloysite) are
that they have a cylindrical particle symmetry. Sepiolite also con-
sists of elongated particles but they have a cuboidal shape (with a
roughly square cross section [13]). The edges and faces arechemically distinct and suspensions of these particles, in common
with many plate-like clay particles, have a tendency to form gels
upon increasing their concentration in water. Here it is shown
how this behaviour can be dramatically altered by adsorption of
sodium polyacrylate (NaPAA).
Sepiolite is a naturally occurring mineral with composition
Mg4Si6O15ðOHÞ2  6H2O. Tetrahedral silica layers sandwich an octa-
hedral layer containing the magnesium. These sheets are con-
nected by the corner silica sites by bridging oxygens, leading to a
void separating the sheets containing zeolitic water. As there is
no aluminium present in the structure it is not strictly a clay min-
eral, but the physico-chemical properties of sepiolite are very sim-
ilar to those of typical clays. The cation-exchange capacity (CEC) of
sepiolite is 30 mmol/100 g [14]. The particles tend to be quite elon-
gated with lengths ranging from a few hundred nm to a few
micron, and diameters in the range 10–30 nm. [13] The porous
channels in sepiolite make this mineral of interest as an absorbent
and also allow incorporation of dye molecules such as indigo [15]
or acridine orange [16]. Sepiolite is known to be very hygroscopic
and so is used abundantly as an animal litter absorbent. The gela-
tion in aqueous conditions is also well used in industrial processes
such as oil drilling as sepiolite suspensions form stable gels at low
volume fractions across a range of pH values [17].
NaPAA is an anionic polyelectrolyte which is known to adsorb
well to many different clay minerals in water [18] as well as other
minerals and aids dispersion into aqueous systems. NaPAA is
known as a stabiliser of talc (which is chemically not dissimilar
to sepiolite) [19]. Here NaPAA is used to stabilise aqueous disper-
sions of sepiolite rods, and the resulting colloidal liquid crystal
phase behaviour is characterised.
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A 1 L sample of 4 wt% sepiolite (S9 grade, Tolsa, Spain) was dia-
lysed against 1 M NaCl solution (Sigma Aldrich) 24 h 3 times to
ensure only sodium counter ions were present. The sample was
then centrifuged at 11,000g (Sorvall Legend T, SS-34 rotor) for
30 min. The sediment was redispersed in deionised water using a
roller mixer (SRT6, Stuart) and dialysed against deionised water
(MilliQ) until the conductivity dropped below 5 lS cm1. To ensure
a good dispersion, the sample was processed in a high shear mixer
(Silverson L4RT) at 10,000 rpm for 10 min, and placed in an ultra-
sonic bath (IND 500D, Ultrawave) for 10 min. 10 g NaPAA
(Mw ¼ 5100 g=mol, Sigma Aldrich, used as received) was added
and the sample was initially shaken by hand, and then placed in
the ultrasonic bath for 2 min. NaPAA is hygroscopic and by vacuum
drying a sample it was found to contain about 13 wt% water. This
was taken into account in calculating the concentration of NaPAA.
The sample was left for a few hours on a roller mixer and the
excess NaPAA was removed by three cycles of centrifugation at
11,000g for 1 h followed by redispersion into 1 L deionised water.
The ﬁnal suspension was dialysed against deionised water until
a conductivity under 5 lS cm1 was reached. The sample was then
centrifuged at 10,000g for 15 min to fractionate the rods. The sed-
iment was redispersed in about 100 mL deionised water and
allowed to sediment under gravity for 2 weeks. The supernatant
was kept and concentrated by centrifugation to roughly 6 wt%
for further experiments. Small samples were diluted with deion-
ised water or NaCl solutions in order to vary both rod concentra-
tion and ionic strength, and were placed in 10 mm wide
rectangular glass cells with a thickness of 1 mm (8G, Starna) to
facilitate observations of the phase behaviour. Samples were
placed between crossed polarising ﬁlters (200 200 mm, < 0:004
transmission crossed, Edmund Optics) and backlit using a ﬂuores-
cent light panel (MedaLight LP-20). Images were taken using a
Nikon D40 camera (50–200 mm Nikon lens), an example of which
can be seen in Fig. 1. The height of nematic phase was taken from
such photos.
In order to determine the adsorption of the NaPAA to the sur-
face of the clay a number of samples were made with 4 wt% clay
in water and increasing amounts of polymer. The samples were
allowed to equilibrate on the roller mixer for 24 h and then centri-
fuged at 11,000g to sediment the clay and allow excess stabiliser to
be removed in the supernatant. The cleaning process was repeated
a further two times, redispersing the clay into deionised water
each time. The adsorbed amount of polymer was determined using
carbon elemental analysis of dried samples (Eurovector, EA3000
elemental analyser). The electrophoretic mobility of the clay parti-
cles was measured using samples of about 1 wt% (Zeta plus, Brook-
haven). A 0.01 wt% sample was dried onto a carbon coated copperFig. 1. Clay suspensions without added salt observed between crossed polarisers, showin
6.0, 4.8, 3.0 and 1.7 wt% clay. The arrows in the top right hand corner show the orientagrid to image using transmission electron microscopy (TEM; JEOL
JEM 1200 EX). Different magniﬁcations were used to determine
particle lengths and diameters, with over 100 particles being
counted in each case. It was shown by Phillips [20] that length
and diameter are essentially uncorrelated for these particles. A
typical image is shown in Fig. 2.
3. Results and discussion
3.1. TEM
TEM sizing of >100 particles of the stock sepiolite sample gave
dimensions of length (l) = 511 nm and diameter (d) = 30 nm with
relative standard deviations of 45% and 33% respectively.
3.2. Polymer adsorption
The electrophoretic mobility of sepiolite particles dispersed in
deionised water was found to be negative (Fig. 3), consistent with
these particles having a CEC of 30 mmol/100 g [14]. Upon increas-
ing the concentration of NaPAA in the initial clay suspension, these
values became signiﬁcantly more negative, showing that this poly-
electrolyte adsorbs to the clay particles.
It seems counter-intuitive for a negative polyelectrolyte to
adsorb to clay particles with a net negative charge. However the
mechanism of adsorption for NaPAA to the clay can be understood
as bridging of the 2 negative charges by a divalent cation, as
reported by Berg who found that the NaPAA only adsorbed to the
negatively charged surface of mica in the presence of Ca2+ [21].
The samples prepared did not have any added divalent ions but
by using atomic emission spectroscopy Esteban-Cubillo et al.,
showed that over time sepiolite will leach magnesium into the sur-
rounding environment. The structure of sepiolite was still stable
with small levels of magnesium voids [22]. The same process
was observed by Charnay on samples of talc (a mineral similar to
sepiolite) mixed with NaPAA. From rheological data they con-
cluded that impurities of Ca2+ and Mg2+ were able to aid adsorption
of the NaPAA to the surface [19].
The adsorbed amount of NaPAA was determined from the
change in carbon content, and is expressed as the mass ratio of
NaPAA and clay (Fig. 4). The samples used for the phase behaviour
experiments were prepared at fairly high polymer concentration
which resulted in a NaPAA/clay mass ratio of 0.76% (note the
excess polymer was dialysed away before samples were made
up). The electrophoretic mobility of clay particles is plotted in
Fig. 3 against the adsorbed amount obtained from the Langmuir
ﬁt to Fig. 4. Polymer adsorption is likely to lead to increased drag
(and hence a lowering of mobility). Fig. 3 however shows that
the mobility increases linearly with the amount of adsorbed PAAg the dependence of nematic phase on rod concentration of (from left to right) 7.4,
tions of the polarisers.
Fig. 2. Typical transmission electron micrograph used to determine rod lengths
(scale bar = 1000 nm).
Fig. 3. Electrophoretic mobility of clay particles (1 wt%) as a function of adsorbed
amount of NaPAA. The dotted line is a linear ﬁt.
Fig. 4. Adsorbed amount of polymer (relative to clay mass) as a function of
equilibrium concentration in solution. The dotted line represents a Langmuir
adsorption ﬁt.
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theory presented by Ohshima for salt-free suspensions of rod-like
particles [23] then suggests that the particles are in the weakcharging regime, where mobility increases linearly with the charge
per unit length Q as:
l ¼ Q
6pg
lnð1=/Þ ð1Þ
Here it is assumed that particles have random orientations. Exper-
iments were carried out at a volume fraction / = 0.005 and hence
for the particles in absence of polymer the mobility data correspond
to Q ¼ 6:8 1011 C m1. This can be compared with the cationic
exchange capacity (CEC) of the clay of 0.30 mol/kg clay [14]. If a par-
ticle was ionised to the full extent of the CEC this would result in
QCEC ¼ CEC  F  qc  d2 ¼ 5:4 108 C m1 (with the density of
sepiolite q ¼ 2100 kg m3 [15] and F ¼ 96;485 C mol1 the Faraday
constant), suggesting the particles are only weakly ionised at the
prevailing conditions (pH approx. 9).
Fig. 3 shows that the mobility (and therefore according to
Eq. (1), Q) doubles as C ¼ 2:5 mg PAA is adsorbed per g clay. If this
polymer were to be fully ionised this would result in a charge
QPAA ¼ C ¼ F  qc  d2=MPAA, whereMPAA ¼ 72 g=mol is the molar
mass per PAA repeat unit. This gives QPAA ¼ 6:3 109 C m1. Com-
parison with the experimental data then suggests that only about
1% of the adsorbed PAA is ionised (somewhat surprising perhaps
given that the pKa of PAA is 6.8 [24]).
It is tempting to ascribe these low effective charges to counter-
ion condensation. A problem with this interpretation however is
that the linear increase of mobility with adsorbed PAA would not
be expected once the counterion condensation (high charge)
regime is reached – in that limit the mobility should only weakly
depend on Q [23].3.3. Phase behaviour
The bare sepiolite samples show no strong birefringence and
the samples above 4 wt% clay formed a rigid gel. Below 4 wt% a
gel formed which collapsed over time where the top layer of the
samples was clear and showed no ﬂow birefringence, suggesting
that all of the clay was in the gel phase. The samples with the
adsorbed NaPAA show a dramatically different behaviour with
liquid crystalline phases which displayed strong birefringence.
The samples with varying concentrations of clay and sodium chlo-
ride with adsorbed PAA are listed in Supplementary Information.
Samples displayed either an isotropic phase (I), an isotropic–nema-
tic coexistence (I–N), or were completely in the nematic phase (N).
Some samples had formed a gel – this will be discussed in more
detail below. The fraction of the volume occupied by nematic
phase is reported where relevant. As the stock sepiolite sample
had been extensively dialysed, the salt concentration was calcu-
lated from the added amount of salt. The phase behaviour for the
bare sepiolite samples can be seen in Fig. 5 and the phase behav-
iour for samples with adsorbed NaPAA is summarised in Fig. 6.
As the salt concentration is given on a logarithmic scale, samples
without added salt have been assigned an arbitrary value of the
salt concentration of 106 M.
The initial sedimentation of samples without added salt and at a
salt concentration of 7 105 M can be seen in the time lapse
video included in Supplementary Information. The video repre-
sents 21 h in real time. The level of nematic phase initially quickly
drops as the nematic droplets (tactoids) sediment, and then slowly
reaches a ﬁnal height. The phase behaviour has been reported after
12 days, as that allowed enough time for the nematic phase to form
and undergo initial sedimentation, but most samples did not yet
show any gel formation.
Fig. 1 shows that there is a strong dependence of the nematic
fraction on the concentration of rods in the sample. For series of
samples with similar concentrations of added salt, the nematic
Fig. 5. Phase behaviour as a function of bare sepiolite and salt concentrations after
12 days. The line is to guide the eye. Crosses represent gelled samples while the
boxes with a cross represent samples showing a collapsed gel.
Fig. 6. Phase behaviour of sepiolite with adsorbed polymer and salt after 12 days
with samples being isotropic (open circles), nematic (solid circles), in isotropic-
nematic coexistence (half ﬁlled circles), or gelled (crosses). Lines are to guide the
eye.
Fig. 7. Nematic fraction after 12 days as a function of clay concentration. Closed
circles - no added NaCl, open circles – 7 105 M NaCl, closed squares – 2 104 M
NaCl, open squares – 5 104 M NaCl, closed triangles – 8 104 M NaCl.
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just as it does for sterically stabilised clay rods in toluene [13].
Overall there is a shift to higher clay concentration as the salt
concentration is increased. This trend is consistent with predic-
tions based on Onsager theory for suspensions of charged rods
[25,26] and has also been seen experimentally on boehmite rods
[26], and TMV [27] and fd-virus particles [28]. The virus particles
have a slightly lower charge density than sepiolite but the dimen-
sions are comparable. The most noticeable difference is the higher
level of salt which the virus suspensions can withstand before they
becomes unstable. The phase transitions for sepiolite increased
overall by a factor of 1.5 as the salt concentration increased to
103 M whereas the TMV had an increase of a factor 2 as it
increased to 6 102 M and the fd virus showed an increase of 4
times as the salt concentration was increased to 101 M [29] show-
ing a trend of continual increase as the salt concentration is
increased.
A quantitative comparison is challenging however, as the the-
ory presented in Ref. [26] assumed that the ion concentrations
are dominated by added salt. One can quickly see that in the pres-
ent case, the counterion concentrations are likely to dominate over
the added salt (assuming full ionisation). For instance, at a clay
concentration of 5 wt%, the CEC (30 meq/100 g clay) would corre-
spond to a counterion (Na+) concentration of 15 mM. This already
high concentration of counterions is increased further on adsorp-
tion of NaPAA. A theory, capable of capturing the effect of salt con-
centration on the phase behaviour in this case, therefore will need
to take the counterions into account.3.4. Visual phase observations
The nematic phases seen for the particles with adsorbed NaPAA
showed vivid colours between crossed polarisers (Fig. 1). A wider
colour spectrum is seen than previously observed for a nematic
phase of sepiolite particles dispersed in toluene [13]. This can be
understood as in toluene (which has a similar refractive index as
the clay particles), the sample birefringence is the result of the
intrinsic birefringence of the sepiolite mineral alone. For the parti-
cles dispersed in water, studied here, the overall sample birefrin-
gence is enhanced due to the contribution of form birefringence,
resulting from the signiﬁcant difference in refractive index
between water (n ¼ 1:33) and sepiolite (n ¼ 1:53) [30,31].
Furthermore, the nematic layer does not appear to be homoge-
neous, with the top and bottom of the layer having smaller
domains, compared to the middle of the nematic layer. In order
to test whether any size fractionation [13] of the rods may have
given rise to this, a sample which had phase separated was split
into several height fractions, each of which was analysed by TEM
(>100 particles were sized for each sample). It is clear that size
fractionation occurred between the isotropic and nematic phases
(Fig. 8), with the longer rods accumulating in the nematic phase
as expected. There is no clear trend within the nematic layer how-
ever. This means that the visual inhomogeneity of the phase was
not due to the particle lengths being different. The diameter did
not change across this range either and so the aspect ratio would
have stayed constant.
Time lapse photography of samples undergoing phase separa-
tion (Supplementary Information) reveals ﬂow patterns in the
nematic layer, even once this layer has reached a more-or-less
steady height. Whilst it is not clear what causes these ﬂow pat-
terns, they are quite probably connected to the ﬁnal stratiﬁed
appearance of the nematic phase. It is unlikely that the motion
seen is due to heating effects from the lamp as it is a ﬂuorescent
light source and the inhomogeneity of the nematic phase was also
present in samples which had not been continuously illuminated.
Fig. 8. Particle length as a function of height in a phase separated sample of 4 wt%
clay with no additional salt. The location of the isotropic–nematic boundary is
indicated with a dotted line.
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All samples formed a gel as time progressed. This was judged
qualitatively by a careful tilting of the sample over 30. If the sam-
ple did not ﬂow, it was considered a gel. So far no attempts have
been made to quantify the onset of gel formation using rheometry.
There was a noticeable trend that gelation would set in sooner for
higher salt and clay concentrations. Typically, samples without
additional salt gelled after 40 days, samples with 105 M salt gelled
after 20 days, and after 12 days at 104 M salt. It is worth noting
that this is a similar behaviour to that observed by Langmuir on
the samples of hectorite which were able to form a nematic. After
being left for 4 months the samples lost the ability to phase sepa-
rate and other samples also became more viscous over this time.
Langmuir suggested this was due to substances from the glass con-
taminating the sensitive samples. Such behaviour has also been
observed for other minerals, notably Laponite clay platelets
[32,33]. The chemical structures of Laponite and sepiolite are quite
similar which may help to understand the time dependent gela-
tion. It has been shown that sepiolite can leach Mg2+ ions into
the solution which would increase the ionic strength of the solu-
tion towards the gel point. Also Berg argued that long range inter-
actions were present between particles as a results of divalent
cation bridging of the polyelectrolyte acid groups adsorbed on to
the clay [21].
Another possible explanation of the gelation over time could be
bridging of two sepiolite particles by the PAA. Rogan calculated
that PAA with a molecular weight of  5000 g mol1 would tend
towards being fully extended (Rg ¼ 4:5 nm) in solutions of low
ionic strengths such as in this work [34]. This is consistent with
the work done by Tjipangendjara which investigated the ﬂoccula-
tion of PAA coated kaolinite and showed that at high pH and low
surface coverage the PAA is uncoiled into the solution which pro-
moted ﬂocculation of particles [35]. Liufu et al. explored the effect
of PAA molecular weight on the stabilisation of TiO2 with a nega-
tive surface charge. They found that PPA with a mid range molec-
ular weight 10,000 g mol1 was the optimum for stabilising the
particles as small polymers did not offer a high enough electro-
static repulsion while polymers much larger than this would cause
ﬂocculation by bridging particles [36]. This suggests that the PAA
adsorbed on the sepiolite could bridge the particles but it is kept
to a minimum due to the low PAA chain length.
Samples which had additional salt concentrations above 103 M
formed a gel straight after mixing which is similar to observations
made on beidellite [37] and nontronite samples [38] which
suggested the presence of microﬂocculation.4. Conclusion
It has been shown that it is possible to break down the gel
formed by sepiolite clay rods in water using sodium polyacrylate
and achieve sufﬁciently stable dispersions to observe an isotro-
pic-nematic phase transition. The phase transition shifts to higher
clay concentration on increase of the ionic strength by addition of
NaCl. The samples were initially stable provided the salt concentra-
tion was lower than 8 104 M, but samples did gel over time,
with a dependence on the clay and salt concentrations, possibly
due to the leaching of magnesium ions.
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